UNCLASSIFIED 


AD NUMBER: 


CLASSIFICATION CHANGES 


TO: 
FROM: 


LIMITATION CHANGES 


TO: 


FROM: 


AUTHORITY 



THIS PAGE IS UNCLASSIFIED 


AD0357970 


Unclassified 


Secret 


Approved for public release; distribution is unlimited. 


Distribution authorized to U.S. Government agencies and their contractors; 
Adminstrative/Operational Use; 6 Jun 1959. Other requests for this 
document shall be referred to Director, Defense Atomic Support Agency, 
Washington DC, 20301. 


940824 - (S-FRD TO U/HQ DNA-IMTS -940721);VIA MEMO DTD 21 JUL 1994. 
AUTH'TY FRO PUBLIC RELEASE, E/4 TO A/1, CONTAINED IN SAME MEMO. 


UNCLASSIFIED 


0357 970 


- CLASSIFKATION CHANGES 


UrfCLASSIFIBD 


ROM 


SECRET 
FORMERLY RESTRICTED DATA 


AUTHORITY 
|iii 


i HQ DNA-IMTS -940721 


i 


THIS PAGE IS UNCLASSIFIED 


(UNCLASSIFIED) 


E 


::>:;:x>- 
flD-35/ m 


TO 
LIMITATION CHANGES 


• tii**r Sr^^: A ^ 
hon Gttie. ' 1. 


FROM 


::;:;:;:,s<.s;?;:;5 


■Icj bMfl/lM IS 


^ 
/nniJXQ uajolip. jsl UMOT^s^^rxrr^ ni 


SECRET 


FORMERLY RESTRICTED DATA 


M!3 57 9 7 0L 


luf the 


DEFENSE DOCUMENTATION CENTER 


FOR 


SCIENTIFIC AND TECHNICAL INFORMATION 


CAMERON STATION ALEXANDRIA VIRGINIA 


FORMERLY RESTRICTED DATA 
SECRET 


NOTICE: When government or other drawings, speci¬ 
fications or other data are used for any purpose 
other than In connection with a definitely related 
government procurement operation, the U. S. 
Government thereby Incurs no responsibility, nor any 
obligation whatsoever; and the fact that the Govern¬ 
ment may have formulated, furnished, or In any way 
supplied the said drawings, specifications, or other 
data Is not to be regarded by implication or other¬ 
wise as in any manner licensing the holder or any 
other person or wsi^cra .ion, or conveying any rights 
or permission to manufacture, use or sell any 
patented invention that may In any way be related 
thereto. 


NOTICE: 


THIS DOCUKEWr CONTAINS INFORMATION 


AFFECTING THE NATIONAL DEFENSE OF 


THE UNITED STA^S WITHIN THE MEAN¬ 


ING OF THE ESPIONAGE LAWS, TITLE l6, 


U.S.C., SECTIONS 793 and 7?1*. THE 


TRANSMISSION OR THE REVELATION OF 


ITS CONTENTS IN ANY MANNER TO AN 


UNAUTHORIfET PERSON IS PROHIBITED 


BY LAW. 


•V 
' V 


./i. 


y 


'r/ 
■■'*-*.* 
;. 


1 


SECRET 


WT-1308 
OPERATION REDWING—PROJECT l.tt) 


DDC 


im D 


m/ff£Cr WATER WAVES FROM LARGE-YIELD &JRSTS (U) 


W. G. Van Dorn, Project Officer 


University of California 
Scrii^ Institution of Oceanography 
La Jolla, California 


U. E. MILITARY ACENCItS MAY OBTAIN 
FROM DOC. OTHER QUALIFIED USERS 8,^ALL REQUEST THROUQH 


FORMERLY RESTRICTED DATA 
■•iMUf M RrMnrlcd 0«U in foreign dit> 
••BUiiation. Sertloa IMb. Atomic Energy 
Art of t»M. 


T1u« oiaierini ronuinn information affect­ 
ing tbe national defenneof tbe United Slated 
vitiun the meaning of the e^onage lana. 
Title 18. use.. Seca. TM and TM. the 
imnamiaaion or reeelation of wfuck in any 
' to an unauthoriacd peraon la pro­ 
hibited be ka«. 


SECRET 


Director 
, . 
Defanss Atomic SurP^-*- Asoncy 
lasfxinston, D. C. 2W0L 


Errumro ffioii autoiiatin v « 
RKGRATIJIG: 
r DIR 5?DD to 


Kws i»f 


DDC CONTROL 
N05JU0&... 


I 


ABSTRACT 


Long-period .urlace water wave» produced by megatcr. range »hot« at Bikini AtoU during Oper*- 
tlona Caatle and Redwing were recorded at Aillngiwe, Eniwetok, Wake, Gu<im, and 
Island». Analy.U of the result, indicate that the wave» originated clow to B1Wn‘: P™1* . 
gated outward a» a train of wlltary wave» ol »lowly decreasing amplitude and P«1«1- 
ured at a single station. In each case, the train wa. .lightly dispersive for roughly the first 
500 naut mi, with wave height decaying inversely with, range. It remaíned essentiaUy uncKanged 
in form thereafter, aith height diminishing a. the inve.se square root of The char 
acter of the dispersion and the subsequent behavior of the trains are not predicted by rurrent 
TZy Z measured at any station, the observed wave height varied directly with the shot 
yield, instead of the square root, as expected from theory. This relation can be explained by 


foi^pr^ictlng1 deep-water wave heights at any range, as a function of yield and source 
geometry"fo^suHace sit. over an atoll, are provided. The extension to other geometries is 
discussed. 
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FOREWORD 


ThU report presenta the results of one of the projects participating In Jte military-effect pro¬ 
grams of Operation Redwing. Overall InformaUon about this and the other military-effect 
projecU can be obtained from WT-1344, the "Summary Report of the Commander, Task Unit 
3. ” This technical summary Includes: (1) tables luting eacli detonation with Its yield, type, 
environment, meteorological conditions, etc. ; (3) maps showing shot locations: (3) discussions 
of resulU by programs; (4) summaries of objectives, procedures, results, etc., for all pro¬ 
jects; and (5) a listing of project reports for the military-effect programs. 
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PREFACE 


Previous thinking based on the results ol water-wave studies conducted during Operations Ivy, 
Castle,' and Redwing, (Reference 1) concluded that the long-period gravity waves generated in 
deep water outside the lagoon by megaton-range explosions on or over atolls were produced by 
some unexplained type of air coupling from the integrated surface impulse at great distances 
from the shot site, hence their appellation, “Indirect waves". More-detailed study reported 
herein, however, indicates that the hypothesis of remote generation is inconsistent with the 
correlation between wave arrival times and the known speed of propagation of long waves in 
deep water, the vanishingly small magnitude of air overpressures at great ranges, and theo¬ 
retical models of wave generation from known Impulse distribution. 


As presently conceived, the waves outside the lagoon were generated by the fringe of the h „h 
impulse region close to the shot site extending beyond the atoll rim. 


'Permission to tnclud. previousW unrcported dau from Csstle in tn.s documcitf *>a* been Riven by Uu 
Armed Forces Special Weapons Project 
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INDIRECT WATER WAVES FROM LARGE-YIELD BURSTS 


OBJECTIVES 


The program for the measurement of Indirect waves under Project 1.9 was concerned with 
continuing the documentation of long-period waves produced by tests of devices in the megaton 
class Initiated for Operation Ivy and carried out curing Operation Castle. The objective of this 
study was to determine the capability of predicting in advance of future tests the nature and char¬ 
acteristics of the long-period waves known to be produced by such tests at ranges well outside 
the une of significant blast damage. Such waves fall in the category of “tsunamis", or seismic 
sea waves (which are usually produced by submarine earthquakes and which suffer only gradual 
attenuation while traveling great distances). They are of military and civil importance because 
of the potential damage that might result from large weapons. 


BACKGROUND 


While it was pcesumed that the shots of Operation Redwing would not produce dangerous waves 
of a tsunami nature, they would still be large enough to study in detail at ranges over 1,000 miles. 
The qualitative results from Operation Castle Indicated that the amount of energy going into mak¬ 
ing long waves increases as the square of the shot yield, and it is presumably possible at present 
to construct weapons capable of producing damage at these ranges. 


Results prior to Redwing have shown that large weapon» detonated in or over lagoon sites pro¬ 
duce, at great distances outside the l"ast tone, waves having periods in the range from 5 to 8 
minutes (wave length 30 to SO miles) and having a height o. a few Inches. These waves travel 
with a velocity determined by the depth of water. In the Pacific Ocean, the velocity is about 
400 knots. Upon reaching continental shorelines or islands large compared to their wave length, 
these waves undergo local intensification through the processes of refraction, t;ca«..ng, tunnel¬ 
ing, and reflection. In addition, they proouce large sympathetic oscillations in harbors and on 
coastal shelves. To minimize this complexity, an attempt was made to restrict wave-observation 
stations to small islands with steep approaches. 


During Operation Ivy. wave stations were occupied at Guam, Wake and Midway. The instru¬ 
ments were located in protected areas, however, and the rec. rds, while showing definite arrivals 
of wave energy, exhibited only a pronounced enhancement of local background, which completely 
masked the character of the incoming signals. 


During Operation Castle, Eniwetok, Guam, Wrke, and Johnston were occupied, and although 
the detecting devices were situated in protected locations, a long hose was led out over the reef 
into deep water as a sensing syphon. The local background was thus minimized, but the instru¬ 
ments lacked sufficient sensitivity (minimum resolvable wave height: 1 inch) to give optimum re¬ 
sults, since the local effects previously observed had given an exaggerated indication of the 
deep-water wave height from these disturbances. These results have since been re-analyzed 
and are Incorporated in this study. 


Previous results hav; suggested that such long waves might have been produced by the net 
air-oressure impulse at ranges up to 600 miles from ground zero. This concept was first 
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reached upon studying the micrc^rographic records <4>talned by Projects 1.2a and 17.i ourlng 
Castle. Numerical integration of these records to obtain net impulse at the sea surface as a 
funcUon oi range revealed that the sea-surface air-pressure pattern is very complex, but sys­ 
tematic in that th* net impulse was greater beyond 200 miles range than at 30 luUeB. 
These results were not considered to be quantitatively significant, because the net Irteqrated 
impulse Is the difference of two already small variables and the response characteristics erf the 
Instruments were such as to allow long-duratiCMi signals to leak off in an unpredictalrfe manner 
In an effort to improve the resolutiem, microbarographs were borrowed from Sandia Corporation 
and operated during Operation Redwing at Wake and Johnston islands lor all megaton-range tests 
of the series. Special bleed orifices having calibrated time-constants were iiistalled, ST>d .-very 


Figure 1 SchemaUc diagram of typical long-period-wave recorder installation. 


tilon was taken to minimise recording and reading errors. De^tite these precautions, the rec­ 
ords have proven to be of little value, since a!! other evidemre indicates that the water staves 
are locally generated. 


INSTRUMEKTATION 


Long-Period-Wave Recorder. For Operation Redwing, a new long-period-wave recor ’'r 
was designed ten times as sensitive as those employed for tvy and Castle and capable ot resolv­ 
ing waves less than I mm high. These instruments stere installed in Silo (Ailinginae Atoll), 
Enlwetok. Wake, and Johns.on islands. Although originally proposed, Guam was not occupied, 
since it is part of a large archipelago and the results would not be truly indicative of deep-water 
conditions. 
The long-period-wave recorders used during Redwing were developed and fabricated at the 
Scripps Institution of Oceanography, as were their predecessors for Ivy and Castle (Reference 
1). A schematic drawing erf a typical Installation is shoam in Figure 1. The unit consists of a 
banc^ss hydraulic filter mounted cm a vertical standpipe In a protected locatiwi and connected 
hydraulically to the sea by an arbitrary length of standard, '/,-inch, plastic garden hose, and to 
the shore recording station by a four-conductor electric calrfe. 
The hydraulic filter is comprised of two fluid capacities and two capillary reMricthms, 
which limit the flow of fluid into the capacities. The function of the filter is to thscrlulnats 
against pressure signals, ti ansmltted to it by the hose, which imve perlodlr fluctuations either 
of higher or lower frequency than that to which the fMter is tuned. The fi i-quency-versus-wave- 
amplitude re^mnse of the present filter Is shown in Figure 2. A description of an early model 
recorder and its basic theory of operatlcm are discussed in Reference 2. For Operation Redwing, 
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the filter was designed to have maximum i eaponse to waves having a period 01 uvO seconds, 
typical of the waves observed during Castle. 


An electric pressure transducer converts the pressure signal within the filter to an electric 
signal, which is recorded ashore on an Esterline Angus spring-wound strip chart recording 
milllammeter. The electric signal first passes through a direct-current transistor amplifier, 
also designed and constructed at Scripps Instit, tion of Oceanography. 


The entire system is battery operated, portable, and especially adapted for installation in 
remote areas, although a reg'Uated power supply is provided for use where 110-volt, alternating- 
current power is available. 


Mlcrobarograph. Ir addition to wave documentation, microbarograph stations were operated 
at Wake and Johnston and supplemented by similar observations made by Sandia Corporation 


Figure 2 Amplitude response curve for the hydraulic filter. 
Curve shows output pressure in inches of water as a function 
c' wave period for a 10-inch sine-wave input. 


under Project 30.1. These records were to be examined for a clue to the process of generation 
of long-period waves, since Castle results indicate that these waves are air coupled and inde¬ 
pendent of source geometry. 


The recording microbarographs operated at Wake and Johnston were obtained from the Sandia 
Corporation and have been previously described (Reference '). 


ISLAND OPERATIONS 


As in Operation Castle, the instrument installations at Wake. Johnston, and Enlwetok were 
carried out by a crew of three men who traveled in rotation to each site and took with them a 
small boat, diving gear, and necessary special tools and equipment. Upon completion of the 
three installations, the field crew was spilt up, with one man returning to each site to act as 
station operator. 


The Allinglnae installation was established by a crew from the Scripps vessel, M/V Horizon. 
The instrument was designed to be autonomous and was set to i ur continuously with periodic re- 
visitations by the Horizon ior the purpose of changing records. 


Prior to making the installations, five men (three operators plus two spares) were put through 
a three-month period cd intensive training which included: (1) qualification course for aqualung 
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direr* (TO): (I) eiq>lo«lree training In one o< aliped charges (ATB, North Uland); (3) •*>*"ry and 
operaUoa ol mlcrobarographs (SandU Corporation, Albuquer«pie); (4) operation and maintenance 
at KLM-7 code decriptor (U8AC8, Honolulu); (5) installation, operation and maintenance o< LP 
ware recorder (TO/; and (6) operation ol Benlolf seUmometers (TO)—seUmograph sutiona 
Installed by the U8C and G8 were also operated on a volunteer basis a» Wake and Johnston islands 
at the reguest at the Geophysics Branch at ONR. 
Upon arrival at each island, the crew selected a staUon site that was a compromise between 
tarorable eigtosurc to wav* signals from Bikini, availability of deep water close to the barrier 
reel, electric power, anl acces s for evar maintenance. A hole having dimensions at least 3 
feet la diameter by 5 feet below sea level was blown in the red with 40-pound Type M- 3. pcr- 
toltte ataped cistrge.. A 3-lnch-dlanieter pavaalsed pipe about 10 feet long was then ntuunted 
vertically in the hole and secured at the bottom by concrete and at the top by bolting to a h^avy 
scrap-length at structural steel laid hprlaonUlly across the holt. Tht ends of the steel beam 
were, in turn, secured to the reef by steel spikes and conci-ete. Ne«, a ‘ inch-diameter gal­ 
vanised steel cable was strung from the pipe out across the reef, down any convenient reef chan­ 
nel to a .lep'h ol about 45 feet into open water beyond the reel, and ancho-ed securely about 4 feet 
from the botom with Nlcopress clangM. The other end ol the cable was led ashr>re to the vicinity 
ol the recorder shelter, usuaUy constructed specially at each site. The plastic garden hose was 
then sped at 3-foot Intervals to the cable from the pipe out into deep water, where it terminated 
In a screen to prevent fouling. Finally, the hydraulic filter and dandpipe assembly were bolted 
to the vertical pipe and the electric cable, also taped to the steel cable to prevent chafing on the 
rocks, was led ashore to t»*e recorder shelter. The shore recorder and the standpipe Installa­ 
tion at wake Uland are shown in Figures 3 and 4, reflectively. 
Approximately 10 days were required to effect each installation, and despite Initial complies 
tions arising from mlsshipment ol materials, all Installation* were completed in time for full 
planned parUcipaUon in the shoU. 


CA9TLB RESULTS 


Tables 1 through 4 give the resulU at wav* measurements made at distant island station* 
Operation Castle for shuts U the aseffdon range set off at Bikini Atoll. Since the minimum 
resolvable wave height was about 1 inch lor the early-model recorders used, smaller shot* pro­ 
duced no recsrdable wave* at any sUtlon. 
Long-wave recorders were operated continuously throughout the program except a< fi !ow*: 
Enlwetok Station not in operaUon untU after Bravo (Shot 1). 


"a deep-water station on the reef one mile north at Yllg Bay failed to indicate resolvable 
siffialsnor »»ea Bravo and Romeo. The station was discontinued thereafter. A second station 
at the heed at Tllg Bay was operated continuously. Although large v«ve* were recorded for all 
Shota, they were not representative of deep-water height* and are lo* t"ciiKt~t <n the data. The 
qualitative resulU from Yankee (Shot 5) are considered below. 
Jolmston The instalUtion on the outer reef at Johnston Uland was destroyed by storm wave* 
three days prior to Bravo. The station was never rest/ red to operation lor Uck of spare etpilp- 
meat and personnel. 
The Yllg Bay recorder on Guam did not provide represenUUve deep-water wave heights be­ 
cause of the location of the recorder at a point srhere the wide, shallow bay narrows down to the 
fpouth at the Ylig River, such that local wave heights are very much enhanced over those ouUide 
the barrUr reef. AddlUonal enhancement occurred when the period of Incoming signal* coincided 
with the Mtural reeonant period of the bay. The period ol YIU H*v is almost esacUy 9 mimites, 
as easily deternlned from norma' background when excited bv *« -f breaking across the reef. Rich 
a natural physical system is a sensitive detector oi 
>. «»..wn b, rifurc I. 
t* a 
plot of reUUve wave heigU and *>criv,J ^ 
Th- wave* 
v-il irou. Y-uiaev 
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TstBLE X WAVE DATA FOR DISTANT ISi ANDS, OPERATION CASTLE, SHO, BRAVO 


The following definition* of specltl abbreviation* apply to thla table: H, wave height, Inches 
(trough to crest); T, wave period, seconds, H, RMS wave height of three largest <••—-;*, T, 
average period of three largest waves; (subscripts refer to three largest consecutive waves 
In order of occurrence), S/N, ratio of H to average background__ 


Station Ht H, H, H T, T, T, T S/N 


Enlwetok Recorder not operative. 


Wake Í-7 S6 SI Si 360 390 300 350 3 


Guam Recorder operating but waves too small to be seen. 


Johnston Installation destroyed by storm waves on February 20 


TABLE 2 WAVE DATA FOR DISTANT BLANDS, OPERATION CASTLE, SHOT ROMEO 


See Table X for special abbreviations___ 


Station Ht H, H, A T, T, T, T S/N 


Enlwetok 10.1 7 6 4.5 7.7 330 270 366 328 3 


Wake 1.9 1 1 2 3 1.8 360 420 270 350 2 


Guam Recorder operating but waves too small to be seen 


TABLE 3 WAVE DATA FOR DISTANT ISLANDS, OPERATION CASTLE, SHOT UNION 


See Table 1 for special abbreviation*___ 


Stailon H, H, H, ft T, T, T, T S/N 


Enlwetok 5.0 5 0 4 8 5 0 300 330 270 300 2 


Wake 1 4 0.8 1 0 1.1 360 300 300 340 1 


TABLE 4 WAVE DATA FOR DISTANT ISLANDS, OPERATION CASTLE, SHOT YANKEE 


See Table 1 for special abbreviations___ 


Station H, H, H, R T, T, T, T S/N 


Enlwetok 12 6 8 1 6 5 10 2 360 450 


wak' 3 0 2 6 2 1 2 4 33n 450 


15 


300 360 5 


360 370 4 
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(Shot 5), clearly Indicates both types of enhancement. The early arrivals had a Ijcal he*,. ' of 
about 8 inches and a period of 13 minutes. The period steadily decreased with time until it coin¬ 
cided with the natural period (8 minutes), at which time the wave height suddenly increased by a 
factor of seven. As the incident period decreased further, the resonant enhancement ceased and 
the large oscillations died exponentially. Since the wave height outside the reef was certainly not 
larger than 2.5 inches at this range, the total enhancement was about 25 to 1. This enhancement 
probably represents an extreme value, which can be compared to that of 28 to 1 estimated by 
Shepard (Reference 4) experienced on the Island of Hawaii during the great tsunami of 1 April 1 


REDWING RESULTS 


Observed wave characteristics for stations operated during Redwing are given in Tables 5 through 
8. Continuous records were carried on throughout the operation at Johnston, Wake, and Emwetok, 


TABLE 5 WAVE DATA FOR DISTANT ISLANDS. OPERATION REDWING, SHOT CHEROKEE 


See Vehtc 1 for special abbreviations ___ 


Station H, H, H, H T, T, T, T S.N 


Ailing! nac 


Eniwetok 


Wake 


Johnston 


1.3 0.8 0.9 1.0 370 370 420 387 
IS 1.9 1.7 1 8 400 330 270 333 2 5 


Record obtained, but waves obscured by high background 


Record obtained, but waves obscured by high background 


and a temporary installation was operated at Aillnginae Atoll (Sifo Island) for Shots Cherokee, 
Navajo, and Zuni. The Aillnginae sUtion was unattended, but was serviced and maintained by 
personnel based aboard the M/V Horizon. This station was discontinued before Shot Tewa. 


Table 9 lists the range and computed arrival time data for the various Island stations, and 
Figure 8 shows the station distribution and travel distance in 20-minute increments for a wave 
traveling at a speed C0 » Vgh from Bikini Atoll. The average depth F used in computing the 
trsvel times was obtained from numerical integration of the bottom profiles along great circles 
connecting the stations according to the relation 


_J_ . _L r * 
'll * 0M vVx) 


where h, (x) is the average bottom depth over the horizontal distance increment x,, and x = 
Ex^ is the total distance between Bikini and the recording sUtion. 


Plots of the wave forms for the various shots at the different stations are shown in Figures 
7 through 10, where the times of respective maxima, minima, and zero crossings were lifted 
from the original records and individual wave amplitudes were corrected according to period 
for the selective attenuation imposed by *he hydraulic filter unit of the recorder. A reproduc¬ 
tion of the origi.uJ chart record for Shot Tewa, as recorded a* Eniwetok. is shown in Figure 11. 
The early part of the record shows the typical background of 10-to-20-second swell superim¬ 
posed upon 3-to-5-minute surf oeat Shot time is indicated by h*0 minutes, and the height 
scale for the shot waves is roughly 1 inch per vertical division. The character of the background 
is eltered significantly in period in the vicinity of h* 17 mh.utes, which is the expected time of 
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TABLE 6 WAVE DATA FOR DISTANT ISLANDS. OPERATION REDWING. SHOT ZUNI 


See Table 1 for »pecitl abbreviation» _ . --- 


suuon H, H, H, H T, T, T, T S/N 


Aillngliue 1 1 4.* 3 0 3.0 320 1T0 ISO 213 2 S 


Eniwetok 3.6 2.1 1 8 2 « 360 320 310 327 2 


Wake Record obtained, but wave* obscured by background 


Johnston Record obtained, but wave» obscured by background 


TABLE 7 WAVE DATA FOR DISTANT ISLANDS, OPERATION REDWING, SHOT NAVAJO 


See Table 1 for special abbreviations. ___ 


Station 
H, 
H, 
S/N 


Aillnglnae 


Eniwetok 


Wake 


Johnston 


0 9 


3.2 


0.7 


0.3 


13 


31 


0.7 


0.8 


1.2 


4.3 


0.7 


0.4 


1.1 


3.6 


0.7 


0 6 


240 


360 


390 


180 


310 


360 


480 


160 


280 


330 


420 


190 


313 


360 


480 


TABLE 8 WAVE DATA FOR DISTANT ISLANDS, OPERATION REDWING. SHOT TEWA 


See Table 1 for apoclal abbreviations_____ 


Station H, H, H, * Tt T, T, T 8 N 


Aillnglnae Station discontinued 


Eniwetok 3 8 3 6 4 0 3 8 360 330 300 330 4 


Wake 0 8 1 0 0 8 0 9 450 420 300 390 3 


Johnston 0 4 0 6 0 4 0 5 180 480 420 450 1 
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Figure 9 Water waves, corrected tor amplitude rceponee, 
as observed at Wake Island. 


ngure 10 Water waves, corrected lor amplitude rejonee, 
a* observed at Johnston Island. 
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arrival of the air »hock wave, but the amplitudes are unreeolvable from tackgr i. Th®,ilr8t 
large crest arrived at h + S4 minutes, or considerably later than the 25-minute delay based on 
the velocity C0 - /gh. Such a delay was observed in all records and shows that the first sipm 
leant crest traveled at less than the theoretical maximum for long waves in water of finite depth, 
which is characteristic for dispersive wave trains. 


Despite the fact that the receiving stations were in different directions, the «UajcSlve c - 
acter of the waves from the Redwing tests can be obtained by direct comparison of erect arriv 
dau, because the average depth only varied slightly and the travel time varies with the square 
root of the depth. Figure 12 shows the time of arrival ol successive crests as observed at the 
several stations, when smooth curves have been drawn through the crest points, which are the 


TEWA ENIWETOK 


Figure 11 Reproduction of actual record obtained at Eniwetok for Shot Tewa. 
Operation Redwing. Shot time Indicated as h *0 minutes. 


average values from Shots Zunl, Navajo, and Tewa. Although only four crests were clearly ob¬ 
served at Allinglnae and only five at Johnston, and hence the curves are somewiiat idea!lied, the 
initial dispersion is dearly evident. Beyond Wake Island (465 nautical miles), however, dis¬ 
persion ceases; and the period and wave length are Independent of time. These results, some¬ 
what at variance with commonly accepted theories for long waves, are discussed later in this 


re*Tne variation of maximum wave height with distance is shown in Figure IS. which shows the 
root-mean-square height R of the three highest waves versus range for Shot Tewa. At great 
distances, where dispersion has ceased, one expects the height to diminish as 1 » R. and the 
heights observed at Wake and Johnston have been connected with a line having the appropriate 
slope (-%). Within the region of active dispersion, one expects that H will diminish approxi¬ 
mately as l/R, and such a line is drawn through the height observed at Allinglnae. These two 


'StK* Tewa was not observed at Aillnginae The reported height was for Zuni. and was correct«! for 
the difference In yield Although Shot Navajo waa observed st AiUngtnae, the shot site was on the fsr 
side o< Blki'il and the waves had to travei by a circuitous route around both Bikini and AiUngtnae to reach 
the recorder Thus the .ecorded height, were not considered to be a. reliable as hose iront Zuni. which 
came by a direct route This situation ta shown by the wave forms of Figure 7 The Navajo record is 
further complicated by the arrival ui direct wave* at about h ♦ 30 min leaking out of the main paaa in 


Bikini Lagoon 
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Figure 12 bufividual ware cresU In space-time, as observed at tbe Island stations. 
Crest arrival times ajere averaged for all shots, after correction lor site geometry. 


Figure 13 Wave height versus range for Tewa (W « S Ml). 
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UnM kav* barn )olM<i bjr ■ amooth curvt in Iha ragton whrra dlaparalon '-•Mat • nocoaaa Im- 
porUM (SOO to SOO naut ml!. But th« halgM otmarvad al Enlwatok la hlghar bjr a (actor o( 1.4 
Umh that coMlatant wiih tha othar atattona, and almllar anomallaa axial (or all olhar ahota ob- 
aarvad al Eidwatoli. Hoanvnr, Enlwatok la tha only obaaraatlon atatlon having a dtamatar (S3 
mllaa) aiiproachlng tha daap-watar wava langth (about SO mUa^) al tha obaarvad wavaa. Accord­ 
ing to Arthur (Mrlaranca 6), tha above (actor la gulta conalatant with tha anhancai.-.u' *o be ax- 
pactad (rom auch wavaa approaching a circular (aland at normal Incldanca. 
Tha obaarvad variation In wava halght R with weapon yield (rom ahot to ohot at tha aavaral 
dtatanl lalanda la gtvan In Figure 14. Tha polnta tand towarda allgnmanl In logarithmic co* 
ordlnalaa, and tha llnaa drawn through tha polnta (or aarh atatlon have a alopa al ona. auggaatlag 


Ftgura 14 Wava halgM varaua yield. OaU (or AUlngtaita ara not Inducted, 
ainca they overlap thoaa (or Enlwatok 


that tha wava height varlaa dlractly with Iha yield, amt (hue that ainra all wava tralna ware ob« 
aarvad to hava almllar parloda. wava anargy Incraaaaa m tha aquara al tha yield. Thla raault 
Impllaa althar that larger bomba ara more adlclanl al putting anargy Into tha water, which la 
unlikely, or (hat tha atoll o'. er which tha bomb la detonated la allacUva la datarmlnlag what par- 
cantaga al tha total Impulaa goea Into tha aratar. 


MK-umoN 


Tha analyala o( tha ranulta reported hare waa carried out an a i-^rtlon ol tha work aniar a 9- 
year contiaci lor Iha atudy u( Impulalvaly ganaralad wavaa (Nonr S3S-S6) and wm <t^««rlhutad ad 
an Interim report (IIMerance •) under that contract. The conclualona raaebad la thla analyala 


IS 


SECtIT 


are reported below without qualification, and reference la made to the above paper for hm^Us 
and supporting arguments. 


Origin of the Waves. The long-period waves observed at the distant island stations are con- 
sidered to have been generated by the fringe of the air impulse pattern which extended beyond 
the perimeter of Bikini Atoll. The effective radius of wave generation, R¿. as deducía •'"’n 
an analytic model for the net surface impulse and considerations with regard to the nature o e 
dispersion and decay of wave height with range, Is a function of the yield only, and is given by 
the relation: 


R¿ • 2,500 (W/Vy1/* feet 


where W is weapon yield in kilotons referred to the reference yield W0 = 0.5 kt. The net impulse 
is character*sed by a central region of high positive Impulse surrounded hy an annular region of 
net negative impulse, outside of which the impulse again becomes positive, but at a range whi ¡ e 
the mean o.erpressure behind the shock front overpressure has dropped to a very low value. The 
equation also gives a good approximation to the Initial wave length of the sea surface disturbance, 
which is construed to be a rough image of the net impulse. In all the tests considered here the 
high impulse region was over the aioll and less than half of the total impulse was effective in 
generating waves. 


Variation of Wave Height with Yield. In the analytic model, the net Impulse Increases direct¬ 
ly as the range out to the radius of generation, which for the range of yields during Operations 
Castle and Redwing, is of the same order of magnitude as the mean radius of Bikini Atoll. Thus, 
the site geometry Is Important in determining what fraction of the total Impulse falls over tin- 
sea surface outside the atoll. In the preceding section it was noted that the observed wave height 
at a given range varied directly as the yield, whereas the dimensions for impulse (length 
time) imply that if wave height is proportional to Impulse, it should vary as the square root o 
yield. It is shown in Reference 6 that a unique choice of the generation raaius and correction 
for site geometry results in a predicted variation of effective impulse consistent with the above 
premise, and that the potential energy represented by the sea-surface disturbance at the radius 
of generation is in good agreement with that competed from the wave height at the dista.« island 
stations. 


Character of the Wave Dispersion. Qualitative examination of Figure 12 indicates that the 
nature of the wave dispersion with time and distance is quite unlike that predicted by Kranaer 
and Keller (Reference 7), which appears to be the only analytic three-dimensional solution lor 
surface wave generation in water of finite depth. In Kranaer s theory, the wave crests are di- 
victed Into diicrete groups whose position an time and space can be depicted by a series of 
straight rays converging at the origin of coordinate* 1 he general character of the observed 
waves is more like that described by Prins (Referem e 8). in s series of one-dlmecsional model 
studies, in that the inUal (and. In the present case, only observable) portion of the wave train 
consisted of s group of solitary wavea of nearly constant pertod. each of whose velocity Increased 
with distance from the source until It reached the limiting value C0 ' * gh. A more-quantitative 
comparison with Kranaer s theory is given In Figure 15. which Is a plot ol wave period T versus 
the parameter R/ /gh x t, which essentially defines the position of an individual créât in the wave 
train for all R aid t. According to Kramer's theory, the pertod of the first crest Is Infinite, and 
those of succeeding crests decrease rapidly near the fr mt and then more slowly towards the rear 
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of the train. In contrast, the observed variation of period la given by the plotted points, which 
tend towards alignment suggested by the straight line drawn through the points which can be ex¬ 
pressed by the relation: 


T (R//gh X t)'-' 


This result implies that, except for the slight departure from linearity imposed by the delation 
of the exponent In the above equation from unity, the entire wave ensemble is essentially similar 


Figure 15 Wave period as a functfon of the parameter R/ Vgh * t. 


in all observable phases of its development. That considerable departure from the behavior of 
the waves near the front of the train from that piedicted by any linearised theory for sinusoidal 
waves is to oe expected, is proposed by Eckart (Reference 9). He anticipates, rather, that the 
wave development should conform to the oscillations ai the “Airy” function. If Eckart'« formu¬ 
lation of the problem has application to the present situation. It can only be at very early times, 
sItc the wave train II nearly fully developed at the nearest station (Aillnglnae), and It still fails 
to account (or the fact that the velocity of individual crests eventually becomes independent of 
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time and distance. There ia clearly a need lor i einvestigatlon of the theoretical tapect* ... *he 
impulsive production of long waves in finite depth Such a study is now in progress. 


WAVE PREDICTIONS FOR FUTURE TESTS 


The fundamental objective in undertaking the wave measurements reported herein was the 
capability of predicUn* the characteristics of waves produced by bursts of any yield or source 
geometry within the confines of an atoll. Although the range of yields covered in the P™*«nt 
series (S.8 to 14.5 Mt) is small, it is beneied that the information Included here, toge *• 
the analysis reported in Reference 8. Justify extrapolating these results by at least an ordei o 
magnitude in yield and to any shot site on an atoll. It was hoped further that de rival iono a rea¬ 
sonable model for the net Impulse for a surface shot of any yield might permit extrapolation of 
predictions to Include the case of surface shots in deep watei. Such extrapolation, however 
leads to prediction of wave heights as much as an order of magnitude lower than expected on the 
basis of seal ng up the results of small high-explosive shots to the megaton range. This dis¬ 
crepancy Implies that either the mechanism of crater formation is diflerent for hiirh-exp os ve 
shots than for nuclear shots-and, hence, they do not scale similarly-or that the relation be¬ 
tween impulse and sea-surface deformation is not linear, or both. In the absence 01 any large- 
scale surface test in deep water, this uncertainty cannot be resolved. 


Surface Shots. On the basis of the analysis reported in Reference 8, the prediction curve* 
of Figure 18 were constructed, giving the root-mean-square wave height H of three highest 
waves in a train in deep water expected at the range R from a surface shot of arbitrary yield. 
Two sets of curves are drawn; both set. originating at the radius of generation given by the 
equation given in the section. "Origin of the Waves”. The dashed curve, refer to geometrically 
similar wave trains, wherein time, water depth, and range are scaled in proportion to the cube 
root of the yield. These curves were drawn to permit comparison with the results of small high- 
explosive surface show, leading to the uncertainty discussed above. , 


The aoliù curves refer to wave, propagating in water of constant uniform depth of 16.000 feet 
(the mean depth of the Pacific Ocean), and the same uncertainty applies as for surface shots at 
scsied derths. However, for surface shot, over an atoll, when the curve, are entered with the 
effective yield, as determined by multiplying the actual yield by that fraction of the totr npul.e 
which falls over the sea. the curves give accurate predictions for the range of yields of Opera¬ 
tion. Castle and Redwing. The computation of the effective yield involves a numerical integra¬ 
tion of the effective impulse by azimuthal sectors around the shot s.tc according to the procedure 
outlined in the above reference. In general, the effective impulse increr.ses with yield ami prox¬ 
imity ‘o the atoll rim in a nonlinear fashion. The curve, predict that a shot having an effective 
yield as high as 50 Mt could be safely fired at Bikini without producing waves higher than the 
normal tide range at Eniwetok (3 to 4 feet). This would correspond roughly to an actual yield 
of 70 Mt at the center of Bikini Lagoon. The primary (Ujoon) waves from such a shot, however, 
would entirely inundate Bikini. 


Air versus Surface Bursts. Limited evidence for the wave effects to be expected from air 
bursts is provided by the measurements made (hiring Shot Cherokee. Operation Redwing, which 
took place at an altitude of about 4.500 feet over deep water. While quantitative comparison of 
the observed heights with those from surface shots gives no basis for ac-urate prediction of the 
effects of altitude in view of the exti apolation to deep water geometry, the fact that the wave 
heights from Cherokee were roughly half those from Shot Znnl, a shot of nesily equal yield, de¬ 
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spite the absence of atoll shielding, implies that the surface impulse from Cherokee w?» - 
least four times smaller than it would have been had the shot occurred at the surface. 


SUMMARY 


A surface burst in the megaton range set off over an atoll produces a long train oless 
soliUry waves, of which the highest crest will be the second or third 1«. th- train. The train is 
fully formed at a distance of about 60 miles and is, in every respect, similar thereafter out to 
the greatest range of observation (1,1)00 miles). 


The wave train is dispersive out to a range of about 500 miles, the velocity of each ere 
steadUy increasing with time and distance until it asymptotically approacnes a limiting value 
C * /gh, after which no further change takes place. The observed dispersion is incompatible 
with current theory. ....... . 


The only s^nificant change in wave characteristics with weapon yield is the individual wave 


height, which was observed to increase directly as the yield at all observation •»»»^ns On the 
presump*ion that the height should logically increase only as the square root of the yield, the 
observed variation is considered to be the result of the shadowing effect of the atoll. 


The observed decay of wave height with lange was consistent from station to station, and in 
accori with the theoretical premise that the deep-water height should decay as the reclproc 
of the range in the region of active dispersion, and as the reciprocal of the square root of range 
at greater distance. The anomalously high wave heights observed at Er.iwetok are construed to 
be the result of local enhancement. . 


In a subsequent analysis of the generation mechanism carried out under a separate contract 
(Reference 6), an analytic model fo.- the net air impulse was computed which adequately predicts 
the anomalous increase of wave height with yield. The model postulates a finite radius of gen¬ 
eration and permits the prediction of waves for surface shots in deep water. Such predictions 
are substantially lower than those obtained by scaling up the results from small high-explosive 
tests. This uncertainty cannot be resolved on the basis of present information. 


CONCLUSIONS 


Analysis of the empirical results of wave measurements at distant island stations has pro¬ 
vided a basts for adequately predicting the deep-water height of waves produced by nuclear tests 
set off over atolls within the range of yields covered by the tests. The present uncertainty re¬ 
garding the energy efficiency of surface sho.s does not warrant extrapolation of the present re¬ 
sults to the open sea. 


The extrapolation to higher yields appears Justified in view of the consistencv of the results 
already obtained, at least to 100 Mt at Bikini. However, a 100-Mt surface burst might well 
produce dangerous waves at ranges of several hundred mUes. although a 70-Mt burst at the 
center of Bikini Lagoon would not endanger shore installaiiona on other islands. 


The results from Shot Cherokee indicate that air bursts produce lower waves than surface 
bursts of equivalent yield, but no quantitative comparison can be made on the l asts of the sur¬ 
face Impulse model. 
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Defense Nuclear Agency 


6601 Telegraph Road 
Alexandria, Virginia 22310-3398 


ERRATA 


21 July 1994 


MEMORANDUM FOR DEFENSE TECHNICAL INFORMATION CENTER 


ATTENTION: OCD/BILL BUSH 


SUBJECT: Declassification of WT-1308 


Reference AD-357970L. 


The Defense Nuclear Agency Security Office has declassified 
the referenced report. 


Distribution statement "A" (approved for public release) 
applies. 


FOR THE DIRECTOR: 


ERRATA 
ÍJ^JOSEPHINE B. WOOD 
f Chief, Technical Support 


